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Abstract 19 
With well over 700 species, the Tribe Dacini is one of the most species-rich clades within the 20 
dipteran family Tephritidae, the true fruit flies. Nearly all Dacini belong to one of two very 21 
large genera, Dacus Fabricius and Bactrocera Macquart.  The distribution of the genera 22 
overlap in or around the Indian subcontinent, but the greatest diversity of Dacus is in Africa 23 
and the greatest diversity of Bactrocera is in south-east Asia and the Pacific.  The monophyly 24 
of these two genera has not been rigorously established, with previous phylogenies only 25 
including a small number of species and always heavily biased to one genus over the other.  26 
Moreover, the subgeneric taxonomy within both genera is complex and the monophyly of 27 
many subgenera has not been explicitly tested.  Previous hypotheses about the 28 
biogeography of the Dacini based on morphological reviews and current distributions of 29 
taxa have invoked an out-of-India hypothesis; however this has not been tested in a 30 
phylogenetic framework.  We attempted to resolve these issues with a dated, molecular 31 
phylogeny of 125 Dacini species generated using 16S, COI, COII and white eye genes. The 32 
phylogeny shows that Bactrocera is not monophyletic, but rather consists of two major 33 
clades: Bactrocera s.s. and the ‘Zeugodacus group of subgenera’ (a recognised, but informal 34 
taxonomic grouping of 15 Bactrocera subgenera).  This ‘Zeugodacus’ clade is the sister group 35 
to Dacus, not Bactrocera and, based on current distributions, split from Dacus before that 36 
genus moved into Africa.  We recommend that taxonomic consideration be given to raising 37 
Zeugodacus to genus level.  Supportive of predictions following from the out-of-India 38 
hypothesis, the first common ancestor of the Dacini arose in the mid-Cretaceous 39 
approximately 80mya. Major divergence events occurred during the Indian rafting period 40 
and diversification of Bactrocera apparently did not begin until after India docked with 41 
Eurasia (50-35mya).  In contrast, diversification in Dacus, at approximately 65mya, 42 
apparently began much earlier than predicted by the out-of-India hypothesis, suggesting 43 
that, if the Dacini arose on the Indian plate, then ancestral Dacus may have left the plate in 44 
the mid to late Cretaceous via the well documented India-Madagascar-Africa migration 45 
route.  We conclude that the phylogeny does not disprove the predictions of an out-of-India 46 
hypothesis for the Dacini, although modification of the original hypothesis is required. 47 
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 50 
1.0 Introduction 51 
The Tribe Dacini of the Tephritidae sub-family Dacinae contains approximately 770 52 
described fruit fly species, as well as many undescribed species (Drew and Hancock, 2000).  53 
The Dacini is considered monophyletic (Han and Ro, 2009) consisting of four genera; two 54 
small genera, Ichneumonopsis Hardy (one sp) and Monacrostichus Bezzi (two spp), and two 55 
very large genera, Dacus Fabricius (245 spp) and Bactrocera Macquart (528spp) (Drew and 56 
Hancock, 2000).  Both Dacus and Bactrocera are further subdivided into subgenera 57 
(Bactrocera – ~30, Dacus - ~7, depending on source) (Drew, 1972, 1989; Hancock and Drew, 58 
2006; White, 2006), and sometimes within those subgenera into species groups (Drew, 59 
1989).  Nearly all Dacus and Bactrocera species have frugivorous larvae and, although most 60 
species are non-pest endemics of savannah areas (Dacus) or rainforests (Bactrocera) (Drew, 61 
2004), a few species are horticultural pests of international importance (White and Elson-62 
Harris, 1992).   63 
 64 
The distribution of the Dacini extends from Africa, where Dacus dominates, across India and 65 
into Asia, Australia and the Pacific, where Bactrocera dominates (Drew, 2004).  The greatest 66 
generic and species diversity of Dacini occurs in south-east Asia (inclusive of India), where all 67 
four genera are found (Ichneumonopsis and Monacrostichus are restricted to this region) 68 
(Drew and Hancock, 1994b; Drew et al., 1998; Drew and Raghu, 2002; Drew and Romig, 69 
2007).  The presence of Dacini in Africa, Australia and India suggests the group may have 70 
first evolved in Gondwana, but this is countered by the group’s much higher diversity in Asia 71 
which suggests a Eurasian centre of origin. 72 
 73 
Drew and Hancock (2000) and Drew (2004) have argued that the Dacini are of Gondwanan 74 
rather than Eurasian origin, with the ancestral flies having originated on the Indian plate 75 
after it rafted away from Gondwana.  Once India docked with Eurasia around 50-35mya, 76 
ancestral Dacus moved westward and diversified in Africa, while ancestral Bactrocera 77 
moved eastward and diversified in the rainforests of south-east Asia and the Pacific.  An 78 
important part of the argument (as summarised in Fig 19.1 of Drew and Hancock, 2000) is 79 
the subsequent movement of some Dacus species back into Asia and some Bactrocera 80 
species, particularly members of the Zeugodacus group of subgenera, back into Africa.  The 81 
reasoning behind Drew and Hancock’s (2000) hypothesis is based on the absence of Dacini 82 
in South America (hence diversification only beginning after Gondwana started breaking 83 
up), the presence of basal genera (Ichneumonopsis and Monacrostichus) and subgenera 84 
(e.g., B. (Tetradacus)) in south western Asia, and the abundance of more derived Dacus in 85 
Africa and Bactrocera in south-east Asia, New Guinea and Australia.   86 
 87 
Drew and Hancock’s (2000) hypothesis for the evolution of the Dacini, while developed 88 
independently, is a ‘text book’ example of a general biogeographic pattern now known as 89 
the ‘out-of-India’ hypothesis.  The out-of-India hypothesis has been used to explain why 90 
some clearly Gondwanan groups have high diversity in Asia and uses the same argument of 91 
Drew and Hancock: i.e., groups of Gondwanan origin rafted on the Indian plate away from 92 
Gondwana and then diversified following docking with Eurasia (Gower et al., 2002; Praveen 93 
Karanth, 2006; Conti et al., 2007; Datta-Roy and Karanth, 2009; Svenson and Whiting, 2009; 94 
Viseshakul et al., 2011).   95 
 96 
While an out-of-India argument for the biogeography of the Dacini aligns with 97 
biogeographic patterns seen in other plant and animal taxa, it is not the only hypothesis to 98 
explain why a putative Gondwanan group may have high diversity in Asia.  For other 99 
Gondwanan taxa with Asian elements, arguments have also been made for out-of-Africa 100 
(Masters et al., 2006; Surveswaran et al., 2010; Zhou et al., 2011) or out-of-Australia (Braby 101 
et al., 2005; Braby and Pierce, 2007; Goldblatt et al., 2008; Cruaud et al., 2011) scenarios.  102 
These hypotheses could also be applied to the Dacini, as could an out-of-Asia hypothesis 103 
(Kosuch et al. 2001; Köhler & Glaubrecht 2007) if the group is not Gondwanan.  Drew and 104 
Hancock (2000) acknowledge that their Indian rafting hypothesis is dependent on there 105 
being congruence between the timing of species diversification events and geological 106 
events.  What is also critical, but is unstated, is that their assumptions of Dacini phylogeny 107 
(especially with respect to early-branching versus late-branching genera, sub-genera and 108 
species) are correct.  Independent molecular phylogenies, with estimated divergence times, 109 
are needed to address these issues.   110 
 111 
Current molecular phylogenies pertinent to the Dacini are insufficient to address the 112 
problem posed.  Most focus on the phylogeny of a specific genus (esp. Bactrocera, Muraji 113 
and Nakahara, 2001; Smith et al., 2003; Nakahara and Muraji, 2008; Zhang et al., 2010), or 114 
where coverage includes both genera, the taxonomic coverage is insufficient for 115 
biogeographic analysis (Han and McPheron, 1997; Smith et al., 2002; Segura et al., 2006 ; 116 
Han and Ro, 2009).  A major weakness for nearly all previous studies has been a lack of 117 
African Dacus material, but this has now been overcome (Virgilio et al., 2009). At a broader 118 
taxonomic scale, the Schizophora group of dipteran taxa, of which the Tephritidae form a 119 
part, are hypothesised to have originated around 60mya (Weigmann et al. 2003; Weigmann 120 
et al. 2011) and Schizophora first appear in the fossil record at around the same time 121 
(Winkler et al., 2010). By extension this implies that the Dacini could be much younger than 122 
would be expected based on Drew and Hancock’s (2000) out-of-India scenario.  123 
 124 
Using a combination of new data and sequences from GenBank, we present here a joint 125 
phylogenetic analysis of Bactrocera and Dacus based on the 16S, COI, COII and white eye 126 
genes.  Specifically, within a dispersal biogeographical framework (sensu Cranston, 2005), 127 
we test the following arguments and predictions made by Drew and Hancock (2000) in 128 
support of their out-of-India hypothesis: (i) the earliest common ancestor of the Dacini 129 
should occur between 165mya (when India/Madagascar broke away from Africa) and 57-35 130 
mya (progressive collision dates of India with Eurasia) (Ali and Aitchison, 2008); (ii) the 131 
original diversification of the Dacini into major clades should occur during the same period; 132 
(iii) B. (Tetradacus) should be an early-branching lineage within Bactrocera; (iv) major 133 
species level diversification of Dacus and Bactrocera should occur after 35mya, when final 134 
docking between India and Asia had been completed; and (v) the Australo-Pacific Dacus 135 
species should form at least two clades, one clade containing D. (Callantra) and a second 136 
clade that is sister to Dacus taxa from Africa.  A further question which could be asked, that 137 
the African B. (Zeugodacus) species should be a monophyletic clade nested within the larger 138 
B. (Zeugodacus) clade, could not be addressed as we had no African B. (Zeugodacus) data 139 
available.  We appreciate that such an approach necessarily cannot confirm an out-of-India 140 
origin for the Dacini, but it can help disprove it.  Moreover, the phylogeny is also the most 141 
complete yet developed for the Dacini, covering approximately 20% of described species.  142 
We therefore use this phylogeny to address additional systematic issues related to 143 
subgeneric status, male lure response and level of polyphagy. 144 
 145 
 146 
2.0 Methods 147 
2.1 Taxon sampling 148 
Sampling was directed towards obtaining and comparing a wide variety of subgenera within 149 
the major Dacini genera (Bactrocera and Dacus).  We also attempted to incorporate taxa 150 
from across the geographical ranges of the two genera to provide better resolution of 151 
deeper evolutionary relationships.  The primary new data used in this paper comes from a 152 
molecular dataset generated as part of the Ph.D. study of G.C.G. (Graham, 2006), 153 
supplemented by additional COI sequences for some species.  Both data sets are comprised 154 
mostly of Australasian taxa from both genera that were predominantly identified in the 155 
laboratory of Prof. R.A.I. Drew (Griffith University, Brisbane, Australia).  Single sequences for 156 
each gene were chosen to represent each species largely on the basis of completeness and 157 
geographical location (i.e., samples from a species’ native range were preferred over 158 
invasive records).  Seven dipteran outgroups were incorporated into the analysis: Aedes 159 
aegypti and Anopheles gambiae (S.O. Nematocera, Family Culicidae); Tabanus rufofrater 160 
(S.O. Brachycera, Family Tabanidae); Drosophila melanogaster (S.O. Brachycera, Family 161 
Drosophilidae); Anastrepha ludens, Rhagoletis pomonella and Ceratitis capitata (S.O. 162 
Brachycera, Family Tephritdae).  Supplementary Table 1 includes the species names, 163 
subgeneric status, sequence origin, geographical range, male lure response and degree of 164 
polyphagy of the taxa included in the current analysis. Male lure response data was 165 
compiled from information in Drew (1989), Allwood et al. (1999), Clarke et al. (2005) and 166 
the online resource Pherobase (www.pherobase.com, accessed March-July 2011). 167 
Information concerning the degree of polyphagy exhibited by each species was retrieved 168 
from Drew (1989), Allwood et al. (1999) Hancock et al. (2000), Drew (2004) and Clarke et al. 169 
(2005). 170 
 171 
2.2 Genetic procedures 172 
2.2.1 Sequences supplied by G.C.G.: DNA was extracted from individual fly heads by boiling a 173 
tissue grindate in a suspension of Chelex resin, a modification of the method in Walsh et al. 174 
(1991).  The remainder of the body was kept as a morphological voucher and all are 175 
currently held at the Australian National Insect Collection, Canberra.  A 542 bp fragment of 176 
mitochondrial 16S rRNA was amplified using the primers of Palumbi (1996) (forward: Mtd32 177 
5’ CCGGTCTGAACTCA GATCACGT 3’; reverse Mtd34 5’ CGCCTGTTTAACAAAAACAT 3’).  178 
Additionally, a 690 bp fragment of mitochondrial cytochrome c oxidase subunit II (COII) was 179 
amplified using primers described by Simon et al. (1994) (forward: Atleu 5’ 180 
ATGGCAGATTAGTGCAATGG 3’; reverse: Btlys 5’ GTTTAAGAGACCAGTACTTG 3’).  PCR 181 
reactions for both loci were performed in a total volume of 25 μL and contained 10 ng of 182 
DNA template, 0.2 µL of 5 U µL-1 Taq DNA polymerase (Qiagen, Hilden, Germany), 0.5 µL of 183 
10 mM dNTP’s (Qiagen), 0.5 µL of each primer and PCR buffer to a final concentration of 184 
0.01 M Tris-HCl, 1.5 mM MgCl2, 0.05 M KCl, 0.1 mg mL-1 gelatine (pH 8.3) (Qiagen).  The 185 
cycle protocol involved initial denaturation at 94°C 2 mins, followed by 35 cycles of 94°C for 186 
30 s, 55°C for 30 s and 72°C for 1 min, and a final cycle of 25°C for 2 min.  PCR products were 187 
purified using a standard polyethylene glycol (PEG) precipitation procedure.  Amplification 188 
of purified products was undertaken using an ABI Taq DyeDeoxy™ terminator sequencing 189 
protocol and products were cleaned using a standard ethanol precipitation protocol prior to 190 
sequencing at the Australian Genome Research Facility (University of Queensland, Brisbane, 191 
Australia).  All sequences were deposited in GenBank (Accession Numbers XXXXX-XXXXX). 192 
 193 
2.2.2 Sequences supplied by K.A.: Procedures for amplification and sequencing of additional 194 
mitochondrial cytochrome c oxidase subunit I (COI) sequences followed those outlined in 195 
Armstrong and Ball (2005). These sequences were deposited under GenBank Accession 196 
Numbers XXXXX-XXXXX. 197 
 198 
2.3 GenBank data 199 
GenBank searches were carried out during early 2011 for sequence data from members of 200 
both Bactrocera and Dacus for inclusion in the current study.  We collated data for 16S and 201 
COII that aligned to the regions sequenced by Graham (2006) and that possessed greater 202 
than 50% coverage of each region.  Additional datasets were created by collating data for 203 
the entire COI gene (1535 bp) and a partial fragment of the nuclear gene white-eye (328 bp). 204 
Published data used here originated from the following studies: Beard et al. (1993), Lewis et 205 
al. (1995), Spanos et al. (2000), Gomulski et al. (2001), Smith et al. (2001), Mitchell et al. 206 
(2002), Morlais and Severson (2002), Smith et al. (2002), Jamnongluk et al. (2003), Mun et 207 
al. (2003), Smith et al. (2003), Armstrong and Ball (2005), Nakahara et al. (2005), Barr et al. 208 
(2006), Barr and McPheron (2006), Sota and Mogi (2006), Winterton et al. (2007), Elfekih et 209 
al. (2009), Han and Ro (2009), Virgilio et al. (2009), Chua et al. (2010), Mazzon et al. (2010), 210 
Shearman et al. (2010), Van Houdt et al. (2010) and Zhang et al. (2010).  211 
 212 
2.4 Alignment and Phylogenetic Analyses  213 
Sequences were aligned by eye in BioEdit Version 7.0.5 (Hall, 1999) and coding regions were 214 
translated to amino acid sequences to check for the presence of internal stop codons.  215 
Alignment of 16S sequences was performed initially by eye and was checked using MUSCLE 216 
Version 3.6 (Edgar, 2004).  Five hypervariable regions were recognised among 16S 217 
sequences and were excluded from all analyses.  Tests for sequence saturation were 218 
conducted by calculating the mean ratio of transitions to transversions in Mega Version 4.0 219 
(Kumar et al., 2008).  Tajima’s D tests of neutrality were estimated in DnaSP Version 5.0 220 
(Librado and Rozas, 2009) using coalescent simulations to determine if sequences were 221 
evolving neutrally.  Sequences were assessed for clock-like evolution using Tree-Puzzle 222 
Version 5.2 (Schmidt et al., 2002) under a Hasegawa-Kishino-Yano (HKY) model of sequence 223 
evolution.  Partition-homogeneity tests were conducted in PAUP* Version 4.0b10 (Swofford, 224 
2001) to provide support for the analysis of the four gene regions as a combined dataset. 225 
 226 
The most appropriate substitution model for each locus was determined under the Akaike 227 
Information Criterion (AIC) using the online resource FindModel (http://www.hiv.lanl.gov/ 228 
content/sequence/findmodel/findmodel.html).  Sequences were partitioned separately in 229 
combined analyses and the most appropriate model was applied to each partition 230 
individually where software options allowed.  Phylogenies were reconstructed using 231 
mitochondrial and nuclear data both separately and combined.  Bayesian phylogenetic 232 
inference was performed in MrBayes Version 3.1.2 (Huelsenbeck and Ronquist, 2001; 233 
Ronquist and Huelsenbeck, 2003) under the GTR model of sequence evolution, 234 
incorporating a gamma distribution of nucleotide frequencies and either variable (COI, 16S) 235 
or equal (COII, white-eye) state frequencies according to the results of FindModel for each 236 
locus.  Two simultaneous runs of 30 million generations were performed and convergence 237 
was maximised by ensuring the average standard deviation of split frequencies fell below 238 
0.01, potential scale reduction factors approached 1.0.  Maximum likelihood (1,000 239 
bootstraps) reconstruction was performed using RAXML Version 7.0.3 (Stamatakis, 2006) 240 
under the GTRMIX model of sequence evolution. Both MrBayes and RAXML runs were 241 
carried out on the online CIPRES Science Gateway resource (Miller et al., 2010). 242 
 243 
Tests of specific phylogenetic relationships were carried out using Shimodaira-Hasegawa 244 
tests (SH test – (Shimodaira and Hasegawa, 1999) in PAUP*.  Additional Bayesian 245 
phylogenies were constrained to reflect expected patterns under particular evolutionary 246 
scenarios and tested the resulting trees against the unconstrained topology.  The specific 247 
settings for constrained Bayesian runs were as described above.  First, reciprocal monophyly 248 
of Bactrocera and Dacus was constrained.  Second, African Dacus were constrained as 249 
monophyletic to the exclusion of Australasian Dacus taxa.  Third, we constrained monophyly 250 
of Australasian Dacus taxa.  Statistical significance was obtained via 1000 random 251 
resampling estimated log-likelihood (RELL) bootstrap replicates. 252 
 253 
Times to most recent common ancestor (tmrca) were estimated for relevant nodes of the 254 
partitioned dataset using BEAST Version 1.5.3 (Drummond and Rambaut, 2007).  The 255 
program r8s (Sanderson, 2003) was used to ultrametricise the Bayesian consensus topology 256 
and the resulting tree used as a starting topology in BEAST to reduce computation time.  An 257 
exponential prior was set on the root height of the tree with hard lower and soft upper 258 
bounds that encompassed the proposed timing of the Culicomorpha-Brachycera split 259 
(238.5-295.4mya – Benton et al., 2009).  Two lognormal priors were also set on internal 260 
nodes: one on the node connecting all Brachyceran taxa that incorporated a zero offset of 261 
60my, a mean of 70my and a standard deviation of 0.75; and a second prior on the node 262 
that connected all Schizophoran taxa that used a zero offset of 15my, a mean of 30my and a 263 
standard deviation of 0.75.  The former calibration corresponded to the age estimate for the 264 
oldest known stem group fossil schizophoran (Winkler et al., 2010), and the latter 265 
corresponded to the age estimate for the oldest known stem group fossil tephritid, which 266 
was recorded from Dominican amber of mid-Miocene to early Eocene age (Poinar Jnr., 267 
1992; Norrbom, 1994).  We acknowledge the ongoing debate surrounding the appropriate 268 
use of fossils in molecular phylogenetics (Heads, 2005; Yang and Rannala, 2006; Parham and 269 
Irmis, 2008; Heads, 2010; Parham et al., 2011); however, we believe that lognormal prior 270 
distributions, rather than hard maximum age constraints, make best use of stem group fossil 271 
data (Ho and Phillips, 2009). Any differences in estimated divergence times between the 272 
current study and existing, higher-order dipteran phylogenies likely stem from differences in 273 
the treatment of fossil data. The tree prior was set to ‘Speciation: Yule Process’, the HKY 274 
model of sequence evolution was used and a relaxed lognormal molecular clock prior was 275 
applied so that substitution rates were allowed to vary across branches.  Two runs of 30 276 
million generations were performed, sampling every 1000 generations.  Three million 277 
generations were removed from each run as burnin prior to combining log files, producing a 278 
total run of 54 million generations, representing 54 000 samples.  279 
 280 
 281 
3.0 Results 282 
3.1 Analysis and tree topology 283 
Sequence data for a total of 125 species was collated, comprising 84 Bactrocera and 41 284 
Dacus taxa (see Supplementary Table 1 for gene fragments included per individual).  285 
Transition to transversion ratios were low for all loci (range 0.922-1.827), suggesting only 286 
limited homoplasy.  Tajima’s D tests of neutrality were non-significant for all loci (P > 0.05). 287 
A molecular clock hypothesis was rejected for all fragments, thus a relaxed clock was 288 
implemented for estimation of divergence times.  Findmodel identified the GTR + γ model of 289 
substitution as the most appropriate for the COI dataset, the Symmetrical + γ model for 290 
COII, the unequal-frequency Kimura-3-parameter + γ model for 16S and the equal-frequency 291 
transition model for the white-eye dataset.  The partition homogeneity test was non-292 
significant (P = 1.000), thereby supporting the combined analysis of the four gene regions. 293 
 294 
Topologies were roughly concordant among methods of reconstruction (Figure 1), although 295 
nodal support for ML outputs typically was lower than for Bayesian analyses.  Phylogenies 296 
inferred from separate mitochondrial and nuclear gene datasets appeared roughly 297 
concordant and produced good tip support but with lower support at deeper nodes (data 298 
not shown).  The combined partitioned dataset produced topologies that were well 299 
supported across the tree. In contrast to the established taxonomy, the genera Bactrocera 300 
and Dacus were not reciprocally monophyletic: Bactrocera instead was paraphyletic.  All but 301 
two members of the Zeugodacus group of subgenera (i.e., B. (Zeugodacus), B. (Papuodacus), 302 
B. (Paradacus), B. (Paratridacus), B. (Austrodacus) and B. (Sinodacus)) (sensu Drew and 303 
Hancock 2000, hereafter simply referred to as Zeugodacus) analysed here formed a clade 304 
that was more closely related to Dacus than Bactrocera.  The exceptions – B. (Javadacus) 305 
unirufa and B. (Paratridacus) expandens – were nested within the broader Bactrocera clade; 306 
a placement supported by recent morphological taxonomic study (R.A.I.Drew, pers. comm., 307 
2011).  The broader Bactrocera group was a grade and phylogenetic resolution for some 308 
backbone nodes within this group was often weak.  Dacus was divided into two subclades of 309 
roughly equal numbers of taxa (Dacus clades A and B, Figure 1), within one of which (Dacus 310 
clade A) were nested two groups of species from the Australo-Pacific. 311 
 312 
Below the subgenus group level, members of both genera predominantly did not cluster 313 
according to subgeneric taxonomic designation.  Members of the subgenera B. (Paradacus 314 
and Paratridacus) were variously nested within the Zeugodacus clade.  Taxa belonging to D. 315 
(Dacus, Didacus and Leptoxyda) were distributed throughout the Dacus clade.  Individuals 316 
belonging to the subgenus group Bactrocera (Bactrocera) dominated the broader 317 
Bactrocera clade; however, the subgenus group B. (Daculus) was nested within this clade.  318 
Furthermore, members of the subgenus B. (Afrodacus) were paraphyletic within the 319 
broader Bactrocera clade.  There were three exceptions to the pattern of widespread 320 
paraphyly below the genus level: the subgenera D. (Callantra), which formed a sister group 321 
to a clade of mostly African Dacus; B. (Tetradacus), a sister group to the remainder of the 322 
broader Bactrocera clade; and the subgenus B. (Daculus), which was nested within a 323 
subclade of the broader Bactrocera group.  Of those subgenera for which only a single 324 
representative could be acquired, B. (Polistomimetes) murrayi, B. (Notodacus) xanthodes, B. 325 
(Gymnodacus) calophylli and B. (J.) unirufa were nested within the broader Bactrocera 326 
clade; D. (Lophodacus) umehi, D. (Metidacus) pergulariae and D. (Neodacus) quilicii were 327 
nested within the Dacus clade; and B. (Sinodacus) abdopallescens, B. (Austrodacus) cucumis 328 
and B. (Papuodacus) neopallescentis were nested within the B. (Zeugodacus) clade.  Most 329 
members of the B (B.) dorsalis species complex (except B. (B.) caryeae Kapoor, B. (B.) 330 
endiandrae Perkins and May and B. (B.) kandiensis Drew and Hancock) resolved as a strongly 331 
supported monophyletic group within the broader Bactrocera clade.  332 
 333 
Taxa that respond to a particular male lure did not form reciprocally monophyletic groups 334 
and there was no distinct trend for the lure response of members of the major clades in the 335 
current phylogeny (Supplementary Figure 1).  Likewise, phylogenetic placement of any given 336 
species did not appear to be correlated with the degree of polyphagy it exhibits 337 
(Supplementary Figure 2).  No evidence was observed to support the notion that polyphagy 338 
in dacine fruit flies is a derived trait. 339 
 340 
3.2 Biogeography 341 
In all major clades of the phylogeny, except one, representatives from a given geographical 342 
region did not form predominantly monophyletic groups to the exclusion of taxa from other 343 
regions.  The one exception was one of two major clades within Dacus, in which all species 344 
except one (D. ciliatus) were restricted to Africa.  Dacus ciliatus is also an African species, 345 
but has spread across the Middle East into Pakistan, northern India and Bangladesh, possibly 346 
as the result of human assisted movement (Drew and Hancock, 2000).  Both the Zeugodacus 347 
clade and the broader Bactrocera clade show no relationship between phylogenetic 348 
placement and geographical distribution (Figure 1).  Even the Dacus clade, for which a valid 349 
hypothesis for the reciprocal monophyly of African and Australo-Pacific members could be 350 
established, shows that these groups are not reciprocally monophyletic.  Instead, there 351 
were two subclades within Dacus, both of which comprised some African taxa and one of 352 
which possessed two separate groups of Australo-Pacific taxa.  353 
 354 
SH tests of specific evolutionary relationships supported the current topology and provided 355 
statistically significant outcomes for three tests.  The paraphyly of Bactrocera was supported 356 
(P < 0.001), rather than being reciprocally monophyletic to Dacus.  Monophyly of African 357 
Dacus was not supported (P < 0.001), instead forming two clades as described above.  358 
Similarly, Australo-Pacific Dacus were supported as being paraphyletic (P < 0.001).  Taken 359 
with the paraphyly of African Dacus, this suggests that multiple independent migration 360 
events from Africa or the Indian plate into the Asia-Pacific region may have occurred 361 
following initial divergence of the genus.  362 
 363 
Estimated divergence times for relevant nodes all possessed appropriate effective sample 364 
sizes, indicating good support; although some 95% credibility intervals were broad (Figure 2 365 
& Table 1).  All sampled members of the Dacini were estimated to have last shared a 366 
common ancestor during the late Cretaceous, approximately 80mya (95-65mya; node ‘D’ 367 
Figure 2).  Divergence of the broader Bactrocera clade apparently began around 70mya (84-368 
55mya; node ‘F’) with the branching off of the ancestor of the subgenus B. (Tetradacus).  369 
This subgenus apparently then began to diverge around 61mya (74-48mya; node ‘L’).  Dacus 370 
and Zeugodacus last shared a common ancestor around 72mya (86-59mya; node ‘E’).  371 
Divergence within the genus Dacus appears to have initiated around 66mya (79-54mya; 372 
node ‘H’), with subsequent divergence of the ancestors of the Australo-Pacific subgenus D. 373 
(Callantra) occurring approximately 63mya (76-51mya; node ‘I’) and of a second group of 374 
Australo-Pacific Dacus around 46mya (55-34mya; node ‘K’).  The subgenus D. (Callantra) 375 
apparently began to diverge in the early Miocene 16mya (27-8mya; node ‘N’).  Members of 376 
the Zeugodacus subgenus group apparently shared a most recent common ancestor around 377 
67mya (84-54mya; node ‘G’).  The well-resolved B. dorsalis species complex apparently has 378 
its origins in the Pliocene, with all members sharing a common ancestor around 6mya (8-379 
4mya; node ‘O’). 380 
 381 
 382 
4.0 Discussion 383 
With 125 taxa included, the molecular phylogeny presented here represents the most 384 
comprehensive yet produced for the Dacini.  The next largest molecular analysis of the 385 
Dacini included only 14 taxa (Smith et al., 2002), although studies of the individual genera 386 
(i.e., Dacus and Bactrocera) have included up to 32 species (Virgilio et al., 2009).  387 
Nevertheless, we acknowledge that this phylogeny is not complete: it is missing some 388 
subgenera from both Bactrocera and Dacus, along with African Zeugodacus and taxa from 389 
India and Madagascar, and it is also missing Monochrostichus and Ichneumonopsis. Yet 390 
despite these lacunae, we believe that the analysis undertaken allows us to make comment 391 
on the systematics and historical biogeography of the group. 392 
 393 
4.1 Systematics 394 
There are a number of issues raised by the phylogeny which are important for the 395 
systematics of the Dacini.  Clearly the most important is the paraphyly of the Bactrocera, 396 
with the Zeugodacus group of Bactrocera subgenera, represented here by B. (Zeugodacus), 397 
B. (Paratridacus), B. (Paradacus), B. (Sinodacus), B. (Austrodacus) and B. (Papuodacus), 398 
sitting as an almost entirely monophyletic sister group to Dacus. The paraphyly of 399 
Bactrocera was also found using a weighted phylogenetic analysis of morphological traits by 400 
White (2000), but he down-played its importance. Other molecular studies have recognised 401 
the monophly of the Zeugodacus group of subgenera (Muraji and Nakahara, 2001; Nakahara 402 
and Muraji, 2008), but not the paraphyly of Bactrocera (Smith et al., 2002; Smith et al., 403 
2003).  Only Segura et al. (2006 ) has previously hinted at this, with B. (Z.) cucurbitae 404 
(Coquillet) separated from other Bactrocera by Dacus species.  Moreover, Segura et al 405 
(2006, and references therein) allude to similarities in plant host relationships and male lure 406 
response between members of the Zeugodacus subgenera group and Dacus taxa that 407 
support our proposed phylogenetic placement.  In our study, two species in subgenera 408 
belonging to the Zeugodacus subgenera group, B. (Javadacus) unirufa (Drew) and B. 409 
(Paratridacus) expandens (Walker) do not sit in the Zeugodacus clade, both sitting with the 410 
other Bactrocera.  This is supported by the indication that these species will be removed 411 
from Zeugodacus for morphological reasons in a new revision, when the definition of 412 
Zeugodacus will be tightened (R.A.I. Drew, pers. comm., 2011).  We strongly suggest that 413 
Zeugodacus should, following revision of the Zeugodacus ‘concept’, be elevated to genus 414 
level.  In the short term, it is important for applied workers to recognise that important pest 415 
taxa of the Zeugodacus group, such as B. cucurbitae (Coquillet), B. cucumis (French) and B. 416 
tau (Walker), are more closely related to African Dacus species, than they are to Asian pest 417 
species such as B. dorsalis (Hendel).   418 
 419 
As was reported by Virgilio et al. (2009) in their revision of the African Dacus, we also found 420 
a number of the subgenera paraphyletic, including the very large subgenera B. (Bactrocera) 421 
and B. (Zeugodacus), and smaller groups such as B. (Paradacus) and B. (Paratridacus).  We 422 
also have new data to support the finding of Virgilio et al. (2009) that D. (Dacus) and D. 423 
(Didacus) are not monophyletic.  We are not the first to state that the subgeneric 424 
classification of the Dacini needs extensive revision (White, 2000; Smith et al., 2003; 425 
Graham, 2006; Virgilio et al., 2009).  In contrast to the otherwise widespread paraphyly of 426 
previous taxonomic groupings, it is worth reporting that the addition of new data continues 427 
to support earlier analyses (Clarke et al., 2005) that the economically important B. 428 
(Bactrocera) dorsalis species complex (Drew and Hancock, 1994a) is a very recently derived, 429 
monophyletic clade. 430 
 431 
No apparent correlation was observed between the current phylogenetic placement of a 432 
given species and that species’ male lure response.  This supports the assertion of White et 433 
al. (2003) that male lure response appears to be a highly changeable trait within the Dacini.  434 
The current data suggests that lure response has been important in the evolution of this 435 
group only at a very low taxonomic level, and the lability of this trait makes determining the 436 
ancestral character state difficult.  The degree of polyphagy of each species is similarly 437 
paraphyletic; there is no apparent correlation between degree of polyphagy and 438 
phylogenetic placement.  As with male lure response, this trait appears to be highly labile in 439 
the Dacini and the current pattern does not support the assertion based on a smaller 440 
dataset (Graham, 2006) that polyphagy is a derived trait.  441 
 442 
4.2 Historical Biogeography  443 
To test Drew and Hancock’s (2000) original out-of-India hypothesis for the evolution of the 444 
Dacini in a time-scaled phylogenetic framework, we postulated in the Introduction a series 445 
of predictions.  Overall, our results do not reject the original hypothesis, although with some 446 
modification (Figure 3), and we discuss our results here in the context of the original 447 
predictions.  Specifically, (i) the earliest common ancestor of the Dacini, at approximately 448 
80mya, fits the time-line needed for the prediction that the group arose on the rafting 449 
Indian plate; (ii) divergence of major clades is completed by approximately 70mya, well 450 
before Indian docking with Eurasia; (iii) Bactrocera (Tetradacus) is confirmed as an early-451 
branching lineage, being the sister group to all other Bactrocera and, along with a small 452 
number of other Bactrocera, arose prior to docking; (iv) major species level diversification 453 
within Bactrocera apparently occurs only after Indian docking, possibly as the group moved 454 
into the south-east Asian rainforests (Drew, 2004); and, finally, (v) the Asian/Australian 455 
Dacus species do form two clades as predicted, one consisting of D. (Callantra), the other 456 
comprising members of predominantly African subgenera.  In only one point, concerning the 457 
evolution of Dacus, do the proposed time-lines and phylogenetic relationships not match 458 
Drew and Hancock’s (2000) evolutionary hypothesis for the group . 459 
 460 
Drew and Hancock (2000) predicted the evolution of Dacus would follow a similar pattern to 461 
Bactrocera, with major diversification of the genus occurring in Africa, after India docked 462 
with Eurasia, and subsequent westward migration of the genus.  The evolutionary time-lines 463 
do not, however, match this prediction. Major diversification of Dacus was underway by 464 
around 65mya and almost complete (within our sample taxa) by 20mya: in contrast 465 
diversification of Bactrocera largely took place from roughly 40mya onward.  This suggests 466 
that diversification of Dacus may have been initiated while the Indian plate was still rafting.  467 
However, dispersion of Dacus from the Indian plate into Africa post-docking does not 468 
appear probable, as this would have required large numbers of taxa, rather than a small 469 
number of ancestral taxa, to have migrated from India, across the Middle East and into 470 
Africa: this seems a less parsimonious scenario.  An alternative scenario that fits the 471 
phylogeny and geological time-lines, may be that the ancestral Dacus lineage migrated from 472 
India to Africa via Madagascar during the late Cretaceous at about 60mya.  In Africa, an 473 
early split apparently led to the evolution of two separate lineages, labelled here as Dacus 474 
clade A and B.  These clades were also resolved by Virgilio et al. (2009), who recognised that 475 
Dacus clade A appeared to have specialised on the Apocynaceae and Dacus clade B on the 476 
Cucurbitaceae and Passifloraceae.  Moreover, Dacus clade A comprises a mix of taxa from 477 
Africa and Australasia, while Dacus clade B is comprised exclusively of African taxa.  Within 478 
Dacus clade A, Australasian taxa form two clusters.  One very early off-shoot, representing 479 
the ancestor of Dacus (Callantra), may have rapidly moved back to India, most likely again 480 
via Madagascar, before migrating into the Asian region post-docking.  A later off-shoot of 481 
Dacus clade A apparently left Africa at around 55mya, most likely migrating from the north-482 
east of Africa through the current Middle East, becoming the Asian/Australian Dacus.  483 
 484 
This explanation for the evolution of Dacus is congruent with a growing body of genetic and 485 
fossil evidence that suggests that many animal and plant groups migrated to and from India 486 
and Africa, via Madagascar (India and Madagascar were still largely joined or connected via 487 
land bridges), in the mid to late Cretaceous (Renner, 2004; Masters et al., 2006; Yoder and 488 
Nowak, 2006; Ali and Aitchison, 2008). This matches the time-line required not only for 489 
ancestral Dacus migration into Africa, but also the migration back of D. (Callantra).  Fruit 490 
flies currently endemic to Madagascar, D. (Tythocalama) and B. (Aglaodacus), show 491 
morphological taxonomic character states linking them to Asian Dacini, leading to 492 
propositions such as “An early offshoot from this Asian line [Dacus (Callantra)] appears to 493 
have reached Madagascar as the subgenus Tythocalama” (Drew and Hancock, 2000).  This 494 
supports a hypothesis of migration through Madagascar.  A later migration out of north-east 495 
Africa at approximately 45mya also matches known paleobiological migration events.  Prior 496 
to the Eocene (55.8-33.9mya), the Tethys Sea formed a biogeographic barrier that separated 497 
the African plate from the European Plate.  The sea shrank in size during the Paleocene (65-498 
55.8mya), until it closed in the Eocene to become the Mediterranean Sea (Curray et al., 499 
1982; Jolivet and Faccenna, 2000).  This opened up new land bridges and facilitated 500 
migration events which are known to have impacted on many groups across all taxonomic 501 
levels (Brown and Lomolino, 1998; Hrbek and Meyer, 2003 ; Koufos et al., 2005), including 502 
Diptera (Cranston, 2005). 503 
 504 
While most of the discussion above focuses on Dacus, it is also worth commenting on 505 
Bactrocera and the Zeugodacus group of subgenera.  Both groups appear to have only 506 
begun significant speciation in the last 25-50 million years, suggesting that there may have 507 
been a consistent driver to diversification.  While hard collision of India with Eurasia did not 508 
occur until around 35mya, the north-east corner of the Indian plate made ‘glancing contact’ 509 
with Sumatra and then Borneo as early as 57mya, potentially allowing the exchange of biota 510 
(Ali and Aitchison, 2008).  Thus, if we accept an out-of-India hypothesis, the diversification 511 
of these groups may have occurred exclusively on the Indian plate or in this early 512 
India/Eurasia contact zone. Given that much of India during the Cretaceous was semi-arid to 513 
arid, with rainfall occurring in short, intense monsoons (Ghosh, 1997; Rogers et al., 2007 ) 514 
and subject to extensive volcanism (Hofmann et al., 2000), the latter scenario may be more 515 
plausible. Drew (2004) has argued that speciation of the Dacini in Asia has been largely 516 
driven by co-evolution with their rainforest host plants, but more recent literature on the 517 
evolution of biodiversity in the Sundaland biogeographic region suggests a more complex 518 
explanation, including repeated ecological and geological fragmentation and regularly 519 
changing environmental conditions (Taylor et al., 1999; Bird et al., 2005; Cannon et al., 520 
2009; den Texa et al., 2010; Malohlava and Bocak, 2010).   521 
 522 
Following the philosophy of Popperian science, we freely acknowledge that we cannot 523 
exclude alternative explanations for the history of this group based on the current dataset 524 
and analyses. However, we also find no evidence to disprove the out-of-India hypothesis 525 
proposed for this group by Drew and Hancock (2000) and believe the evolutionary scenario 526 
presented here reconciles of the dated phylogeny with known geological events, as well as 527 
being supported by existing literature from other taxa.  More complete sampling of the 528 
Tribe, including African Zeugodacus and taxa from Madagascar and India, may strengthen 529 
resolved evolutionary relationships and clarify those which are uncertain.  Alternatively, 530 
addition of such taxa may change our understanding of the evolution of this group by 531 
revealing relationships that are currently unresolved.  Such expansion may also allow the 532 
application of novel analytical techniques for investigating biogeographical hypotheses (e.g., 533 
Lagrange – Ree and Smith, 2008), which are inappropriate for the current study because of 534 
the non-geographically targeted nature of taxon sampling. 535 
 536 
4.3 The fossil gap for Schizophora 537 
Our divergence time estimates place the origin of the Dacini at around 80mya (95-65mya).  538 
The Dacini are a tribe nested within the Tephritidae, a family nested well inside the 539 
Tephritoidea, in turn nested well within the Schizophora (Wiegmann et al. 2011).  Thus our 540 
divergence time estimates would place the origin of the Schizophora further back in time, 541 
probably into the early Cretaceous.  This is congruent with Wiegmann et al.’s (2011) 542 
unconstrained age estimate for the Schizophora of 115mya (p. 2, Supporting Information).  543 
However, the earliest confirmed Schizophoran fossil is Paleogene, approximately 60mya 544 
(Winkler et al. 2010).  These results suggest a 60 million year gap in the fossil record of the 545 
Schizophora.  While divergence times estimated from molecular data should logically 546 
provide older dates than first fossil occurrence (Ho et al. 2005), a difference of this 547 
magnitude is surprising.  Either there are many Cretaceous schizophoran fossils 548 
undiscovered, or some assumptions associated with the divergence time estimation have 549 
been violated, or a combination of these two effects (Ho and Larsen 2006; Ho et al. 2011). 550 
Indeed, schizophoran taxa recently discovered in Indian amber deposits of earliest Eocene 551 
age (~50mya – Rust et al., 2010) apparently represent relatively recent branches within the 552 
Schizophora (Weigmann et al., 2011), suggesting that our understanding of the tempo of 553 
schizophoran divergence may need revision. 554 
 555 
4.4 Conclusions 556 
Overall, our results represent the most comprehensive test of Drew and Hancock’s (2000) 557 
hypothesis for the evolution of the Dacini fruit flies conducted to date.  The pattern of 558 
phylogenetic relationships and divergence times inferred here largely conformed to 559 
predictions and we could not reject an out-of-India hypothesis, though there were some 560 
subtle differences that have allowed us to modify our understanding of the biogeographic 561 
history of the group.  We have revised Drew and Hancock’s (2000) classic out-of-India 562 
dispersal hypothesis for the Dacini to also include an additional migration pathway between 563 
India and Africa via Madagascar.  Moreover, the timing of major migrations of Dacini taxa 564 
between these landmasses appear to coincide well with documented continental 565 
movements.  Additionally, our results support assertions that the subgeneric taxonomy of 566 
Bactrocera and Dacus requires significant revision.  Taken together, these data represent 567 
valuable baseline information regarding the evolution of the group that will aid researchers 568 
in a wide variety of fields related to this economically important Tribe of fruit flies. 569 
 570 
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 914 
  915 
Tables 916 
Table 1.  Estimates of times to most recent common ancestor for nodes in the Dacini 917 
phylogeny.  Node labels refer to Figure 2. 918 
 919 
Group/Clade 
Node 
Label 
Mean 
95% Credibility 
Intervals 
Effective Sample 
Size (ESS) 
Brachycera A 170.3 198.6-141.9 446.76 
Schizophora B 141.1 165.1-117.6 347.75 
All Tephritids C 110.9 131.4-91.2 298.38 
All Dacinae D 79.6 94.7-65.1 220.58 
Dacus + Zeugodacus E 72.2 86.3-59.3 206.6 
Bactrocera excl. B. (Zeugodacus) F 69 83.5-54.9 236.98 
B. (Zeugodacus) G 68.6 83.8-53.5 251.52 
Dacus H 65.8 78.5-53.5 206.47 
Dacus clade A inc. D. (Callantra) I 63.2 75.7-51.3 217.82 
Bactrocera excl. B. (B. Tetradacus) J 61.1 74.4-48.1 222.09 
Austro-Pacific Dacus excl. D. 
(Callantra) 
K 44.5 55.4-33.8 347.18 
B. (Tetradacus) L 21.4 30.9-12.4 287.55 
B. (Daculus) M 17.8 29-7.3 398.77 
D. (Callantra) N 16.4 27-7.8 697.69 
B. (B. B.) dorsalis complex O 6.2 8.4-4.3 391.45 
 920 
Supplementary Table 1.  Dacini species included in the current study. Geographical 921 
distribution, male lure response and degree of polyphagy are given using the following 922 
abbreviations: AUS = Australia, PAC = Pacific (inc. New Guinea), SEA = Southeast Asia, MA = 923 
Mainland Asia (inc. Central Asia, Japan and Taiwan), SUB = Subcontinent (inc. Sri Lanka), AFR 924 
= Africa, MED = Mediterranean; CL = Cue lure, W = Willison's lure, ME = Methyl eugenol, BA 925 
= Benzyl acetate, VL = Vert-lure (Methyl p-hydroxybenzoate), U = Unknown, N = None; SS = 926 
single species, G = multiple species within a genus, F = multiple genera within a family, P = 927 
polyphagous (multiple families), U = unknown. References for sequences per locus per 928 
species are given as GenBank Accession Numbers for existing data or author initials for new 929 
data.  930 
 931 
Figure Legends 932 
Figure 1.  Consensus Bayesian topology for the partitioned dataset of the Tribe Dacini. Node 933 
values represent Bayesian posterior probabilities and ML bootstrap support: ‘-’ denotes a 934 
node unresolved by ML and ‘*’ one that possesses posterior probabilities of 1.00 or 935 
bootstrap support of 100. Branch lengths are in expected substitutions per site. 936 
Geographical distribution is given for each species in the taxon label according to the 937 
abbreviations in the legend. 938 
Figure 2.  Chronogram of Dacini divergence based on mean tmrca estimates from Table 1. 939 
The scale bar is in units of millions of years. Lettered nodes are those for which tmrca was 940 
estimated. A filled star denotes a node for which a prior calibration was used. Taxon labels 941 
are removed for brevity and clade names follow those in Figure 1. 942 
Figure 3.  Schematic diagram of proposed model for dispersal biogeography of the Dacini. 943 
Solid arrows show the movements of ancestral taxa and dashed arrows denote the 944 
movement of continental blocks. (a) Dacini arise on the Indian plate after splitting from 945 
Africa and major clades evolve ~80-65mya with ancestral Dacus migrating to Africa via 946 
Madagascar ~65mya; (b) ancestor of D. (Calllantra) migrates back to India ~63mya; (c) 947 
Bactrocera, Zeugodacus and D. (Callantra) migrate from India to Asia following docking ~57-948 
35mya; (d) a lineage of Dacus leaves north-east Africa for Asia ~45mya and ancestral B. 949 
(Daculus) migrates into Africa from Asia ~18mya. 950 
Supplementary Figure 1.  Consensus Bayesian topology for the partitioned dataset of the 951 
Tribe Dacini as per Figure 1. Here, male lure response is colour coded for each species 952 
according to the abbreviations in the legend. 953 
Supplementary Figure 2.  Consensus Bayesian topology for the partitioned dataset of the 954 
Tribe Dacini as per Figure 1. Here, degree of polyphagy is colour coded for each species 955 
according to the abbreviations in the legend. 956 
